A slightly thermophilic strain, CBS-01, producing trehalose synthase (TreS), was isolated from geothermal water in this study. According to the phenotypic characteristics and phylogenetic analysis of the 16s rRNA gene sequence, it was identified as Meiothermus ruber. The trehalose synthase gene of Meiothermus ruber CBS-01 was cloned by polymerase chain reaction and sequenced. The TreS gene consisted of 2,895 nucleotides, which specified a 964-amino-acid protein. This novel TreS catalyzed reversible interconversion of maltose and trehalose.
Trehalose is a non-reducing disaccharide that has two glucose units linked by a ,-1,1-glycosidic linkage. This disaccharide is widespread throughout bacteria, archaea, yeast, fungi, insects, and a number of invertebrates, 1) in which it serves several important roles. It can serve as a carbon and energy reserve, as a compatible solute under stress conditions, and as a structural component of the cell wall. It is also an intermediate in the synthesis of mycolic acids and a signaling molecule controlling metabolic pathway. 2, 3) Because of its role in protecting biological macromolecules against the adverse effects of stresses, such as heat, cold, desiccation, and oxygen radicals, 4) the disaccharides have been widely used as protectants of membranes and proteins during cryopreservation and desiccation. 5, 6) There are several pathways for the biosynthesis of trehalose, and three pathways have been well studied. The most common pathway for the synthesis of trehalose involves condensation of glucose-6-phosphate (G6P) with UDP-glucose to form trehalose-6-phosphate (T6P), catalyzed by trehalose-phosphate synthase (TPS), and subsequently a trehalose-phosphate phosphatase (TPP) dephosphorylate T6P to yield trahalose. In E. coli, these enzymes are products of otsA and otsB. 7) In Saccharomvces cerevisiae, trehalose is synthesized by TPS1 and TPS2, which form a multimeric trehalose synthase complex together with additional subunits. 8) This pathway has also been found in some archaea, such as thermophilic bacteria, while another pathway exists in these bacteria. [9] [10] [11] In this pathway, maltose is converted to trehalose via trehalose synthase (TreS), which is encoded by treS. This pathway also exists in mycobacteria, Corynebacteria, and Pseudomonas stutzeri.
12-14)
The third pathway uses polyglucose to generate trehalose via maltooligosyltrehalose synthase (TreY) and maltooligosyltrehalose trehalohydrolase (TreZ), which are encoded by the genes treY and treZ. This pathway has been identified in Artbrobacter, Rhizobium, and Sulfolobus acidocaldarius. 11, 15, 16) Several lines of evidence suggest that some organisms possess one, two, or even all of the three pathways. 12, 13) In this study, we isolated and identified a thermophilic bacterial strain from geothermal water. It was found that cell-free extracts of the novel strain culture showed trehalose synthase activity, which can convert maltose into trehalose. Based on phenotypic and phylogenetic analysis, the isolate was identified as Meiothermus ruber.
Materials and Methods
Materials. Maltose and trehalose were purchased from Sigma (St. Louis, MO). Peptone, yeast extraction, agar, acetonitrile, and other chemicals and reagents were of reagent grade.
Media A and B were used in the isolation of single colonies from samples. Medium A contained 5 g of peptone, 3 g of yeast extract, and 5 g of NaCl per liter, pH 7.5; medium B contained Thermus medium, containing 1 g of tryptone, 1 g of yeast extract, 100 mg of per liter, pH 7.5. It was used in the production of trehalose synthase. LB medium was used for the growth of E. coli K12.
Isolation of bacteria producing trehalose synthase. Samples were taken from soil, sludge, and geothermal water in Tianjin, Beijing, Shandong, Shanxi, Jilin, Hubei, Sichuan, Yunnan, and Guangxi Provinces, China. The samples of soil and sludge were incubated at 60 C in liquid media A and B at 150 rpm for 1-2 d to enrich the cultures, which subsequently were diluted and streaked on A and B agar plates, whereas samples from hot water were filtered through membrane filters (0.2 mm), which were placed on the surfaces of media B agar plates.
17) The plates were incubated at 60 C for 2-3 d until single colonies appeared. The single colonies were cultivated in medium C overnight. Cells of the cultures were disrupted by an ultrasonic process, and the suspension was centrifuged at 10,000 g for 10 min at 4 C. The supernatant, used as the crude enzyme solution, was ready for trehalose assay.
Phenotypic characterization of strain CBS-01. Cell dimensions and motility were determined with a light microscope and a transmission electron microscope during exponential growth in Thermus medium. The growth temperature range of the strain was examined by measuring the O.D. (600 nm) of the cultures incubated at 35-75 C in 100 ml of Thermus medium in a reciprocal water-bath shaker. The pH range for growth was examined by measuring the O.D. (600 nm) of the cultures incubated at 60 C and pH 6.0-10.0. The following biochemical properties were tested: hydrolysis of starch and gelatin, reduction of nitrate, presence of catalase and oxidase, and utilization of glucose, sucrose, mannitol, maltose, sorbitol, and acetate. The type strain of Meiothermus ruber ATCC 35948 was used for comparative purposes.
Determination of G + C content and DNA-DNA reassociation. The DNA was isolated with a bacteria genome DNA extracting kit (Tiangen Biotech, Beijing, China). The G þ C content of the DNA was determined by the method of thermal denaturation temperature using E. coli K12 as the comparison bacterial strain. 18) The degree of DNA-DNA hybridization was determined spectrophotometrically from the renaturation rates following De Ley et al.
19)
Phylogenic characterization of strain CBS-01. The sequence of the 16s rRNA gene was obtained from the total DNA of CBS-01 by PCR amplification with sense primer 5 0 -GCYTAASACATGCAAGTCG-3 0 and antisense primer 5 0 -GCTACCTTGTTACGACTTCG-3 0 . The PCR amplification conditions were as follows: one denaturation step (3 min at 94 C), 30 cycles of amplification (30 s at 94 C, 1 min at 56 C 1.5 min at 72 C), and a final elongation step of 10 min at 72 C. Phylogenic trees were constructed by alignment of the 16s rRNA gene with related sequences from GenBank using the CLUSTAL X software package and the MEGA2.1 package.
Cloning and expression of the TreS gene in E. coli. The TreS gene from M. ruber CBS-01 was isolated by the PCR-based screening method from a genomic library of strain CBS-01 constructed in E. coli DH5. The nucleotide sequence of treS was determined by the dideoxy termination method using a DNA sequencer (by Takara Biotechnology, Kyoto, Japan), and it has been deposited in the database under accession no. EU443098.
The novel TreS gene was amplified by PCR with primers ptreS-F (5 0 -GGAATTCCATATGGGTGTGG-ATCCTCTTTGG-3 0 , Nde I cleavage site underlined) and ptreS-R (5 0 -CGGAATTCTCAGCGGGCCCGTT-CCTTC-3 0 , EcoR I cleavage site underlined). The PCR amplification conditions were as follows: one denaturation step (5 min at 94 C), 30 cycles of amplification (30 s at 94 C, 40 s at 56 C, 3 min at 72 C), and a final elongation step of 10 min at 72 C. The amplified gene was digested with Nde I and EcoR I. The fragments were ligated into pET-21a, which had been treated with the same restriction enzymes. This plasmid was named pET-1aTreS. It was used to transform E. coli Rosetta gami (DE3). E. coli Rosetta gami transformed by pET-21aTreS was cultivated for about 5 h at 37 C in Luria-Bertani medium containing 100 mg/ml of ampicillin, 34 mg/ml of chloramphenicol, and 15 mg/ml of kanamycin. When the absorbance at 600 nm of the culture reached 0.6, IPTG (final concentration, 1.0 mmol/l) was added for induction, and cultivation was continued for an additional 3 h at 30 C. Cell-free extracts of the transformants were treated at 60 C for 1 h and used as crude enzyme for assay by HPLC.
Trehalose assay. Crude enzyme solution 1 ml was added to 1 ml 25 mmol/l maltose solution in 10 mmol/l, pH 7.0 of potassium phosphate buffer. The reaction mixture was incubated for 60 min at 50 C and heated for 10 min at 100 C to stop the reaction. The supernatant was collected by centrifugation at 10;000 Â g for 10 min, and assayed by high performance liquid chromatography (HPLC). The conditions of HPLC were as follows: 4:6 Ã 250 mm Hypersil-NH 2 column; acetonitrile-water eluent (75:25, v/v); 1.0 ml/min flow velocity; 30 C column temperature; evaporative light scattering detection.
Results and Discussion
Isolation of thermophilic strain producing trehalose synthase As a disaccharide playing various important roles, trehalose is widespread in prokaryotes and eukaryotes. Because of its protective roles, especially in protecting from proteins and membrane heat and dehydration, this disaccharide is more widespread in the thermophiles and halophiles. It is possible that some thermophilic bacteria produce trehalose through the TreS pathway. To isolate bacterial strains producing trehalose synthase more easily and efficiently, samples were cultivated at a higher temperature (60 C), and a slightly thermophilic bacterial strain producing trehalose synthase was obtained.
Among the almost 100 single colonies tested for trehalose synthase activity, only one strain, CBS-01, showed TreS activity. The crude enzyme solution of its culture converted maltose to trehalose, as shown by HPLC.
Identification of thermophilic strain CBS-01 CBS-01 was isolated from geothermal water in Jilin, China. The strain formed round, smooth, protruding, edge regular, dark-red pigmented colonies with a diameter of 1-3 mm. It was Gram-negative, rod shaped, not endospore-forming, and aerobic. The size of its cells was 0:5{0:8 mm Â 3{8 mm. The shape and size of the CBS-01 cells were observed by light microscope and transmission electron microscope, and are shown in Fig. 1 .
The growth pH range of strain CBS-01 was 6.5-9.5, and the optimum growth pH was 7.5-8.5. The growth temperature range was 40-75 C, and the optimum temperature was 55-60 C, which indicats that it was a thermophilic bacterium of the Meiothermus genus. Some characteristics of the strain are listed in Table 1 . The properties of carbon source utilization of strain CBS-01 were the same as the comparison strain Meiothermus ruber ATCC 35948, but different from other species of the Meiothermus genus.
The partial 16s rRNA gene sequence containing 1,410 nucleotides of strain CBS-01 was aligned with all related sequences in the NCBI database by the BLASTN program. Among 14 strains sharing 99% identity with CBS-01, eight strains belonged to Meiothermus ruber or Thermus ruber (the Meiothermus genus was separated from Thermus in 1996 22) ), and the others were uncultured bacteria. The phylogenic tree of CBS-01 and the other Meiothermus and Thermus strains are shown in Fig. 2 .
The G þ C content of the DNA of strain CBS-01 was 62.1%, which was the common value of G þ C% in Meiothermus ruber. The homology value of DNA-DNA reassociation between the CBS-01 strain and type strain Meiothermus ruber ATCC 35948 was 63.9%.
Based on phenotypic characterization, phylogenetic analysis of 16s rRNA gene sequence, G þ C% of the genomic DNA, and the DNA-DNA hybridization study, strain CBS-01 isolated from geothermal water clearly belongs to the genus Meiothermus, and its features are almost the same as those of the comparison strain Meiothermus ruber ATCC 35948, so we identified CBS-01 as a strain of Meiothermus ruber.
TreS gene sequence analysis
The trehalose synthase gene from M. ruber CBS-01 was isolated by the PCR-based screening method from a genomic library of strain CBS-01. The novel TreS gene consisted of 2,895 nucleotides, encoding a polypeptide of 964 amino acid residues with a molecular mass of 110,443 Da. The deduced amino acid sequence was used as a query sequence to search for similar sequences deposited in the Genbank database using the BLAST program. The sequence showed significant similarity to those of thermophilic and halophilic bacterial trehalose synthases, such as Thermus thermophilus (accession no. ABW87308, 75% indentity), Thermus caldophilus (AAD50660, 73%), Thermus aquaticus (O06458, 73%), and Salinibacter ruber (ABC44183, 51%).
Cloning and expression of TreS gene in E. coli The novel TreS gene was amplified by PCR with primers ptreS-F and ptreS-R. The amplified gene was digested with Nde I and EcoR I. The fragments were ligated into pET-21a, which had been treated with the same restriction enzymes, and E. coli Rosetta gami (DE3) was transformed by plasmid pET-21aTreS. Cellfree extracts of the transformants were assayed by HPLC, and were confirmed to exhibit TreS activity. However, when pET-21a was used as the expression plasmid, cell-free extracts of the transformants did not show any TreS activity (Fig. 3) .
Significance of the novel strain
Trehalose is a very useful disaccharide because of its effective protection of macromolecules under desiccation and dehydration. Hence there are many important industrial applications of this disaccharide. To date many organisms that can produce trehalose have been found, but the yield of trehalose is so small that it costs too much to extract trehaolose from them. Thus the isolation of the strain CBS-01 should be of considerable significance. The cell-free extracts of CBS-01 culture showed trehalose synthase activity, and can convert maltose (which is more available and cheaper) to trehalose. It is possible that the gene encoding trehalose synthase of CBS-01 can be cloned and expressed in other bacteria, such as E. coli, which can produce the enzyme abundantly and efficiently. Because of the thermostability of the enzyme, trehalose can be obtained on a large scale using maltose as the raw material. Me. rosaceus RH9901 20) Me. chliaropilus DSM9957 21) Me. silvanus DSM9946 21) Me. cerbereus DSM 11376 21) Presence 
